There are currently over 160 distinct Drosophila cell lines distributed by the Drosophila Genomics Resource Center (DGRC). With genome engineering, the number of novel cell lines is expected to increase. The DGRC aims to familiarize researchers with using Drosophila cell lines as an experimental tool to complement and drive their research agenda. Procedures for working with a variety of Drosophila cell lines with distinct characteristics are provided, including protocols for thawing, culturing, and cryopreserving cell lines. Importantly, this publication demonstrates the best practices required to work with Drosophila cell lines to minimize the risk of contaminations from adventitious microorganisms or from other cell lines. Researchers who become familiar with these procedures will be able to delve into the many applications that use Drosophila cultured cells including biochemistry, cell biology and functional genomics.
Introduction
The use of Drosophila cultured cells complements in vivo fly genetic analysis and serves as a primary inquiry tool for addressing many basic biological questions 1, 2, 3 . Drosophila cell lines offer unique homogenous populations of cells derived from different tissue sources with distinct genetic backgrounds. Cell lines are suitable for many applications including transgenic gene expression, genomics, transcriptomics, proteomics, metabolomics, high throughput RNA interference (RNAi) screens, cell biology and microscopy. Importantly, the use of Drosophila cell culture facilitates the characterization of the immediate temporal responses to known stimuli. Furthermore, Drosophila cell culture is amenable to CRISPR-Cas9 genome editing, making it relatively easy to create new cell lines with specific genome modifications 4, 5, 6, 7 .
The Drosophila Genomics Resource Center (DGRC) serves as a repository and distribution center for Drosophila cell lines. One of the goals of the DGRC is to assist members of the research community in using Drosophila cell culture resources. This article presents basic protocols for the handling of Drosophila cell lines. It complements existing resources to help researchers become comfortable with handling Drosophila cell cultures and achieve a level of independence in their experiments , Mitsubishi/Miyake imaginal disc and central nervous system (CNS) lines 13, 14 , Milner laboratory imaginal disc lines 15 , the adult ovarian cell lines 16, 17 , and the Ras lines 18 ( Table 1) . The Schneider and Kc167 lines are general all-purpose cell lines for use in biochemistry, recombinant transgenic gene expression, and reverse genetic screens. The Mitsubishi/Miyake laboratory (ML) lines were derived from either the larval imaginal discs or central nervous system (CNS) and they have been useful for studies related to neurosecretion, transcription regulation, and RNA processing. The Milner (CME) disc lines have been important for studying signal transduction. The fGS/OSS cell lines derived from mutant adult ovaries remain important reagents to study the impact of noncoding small RNA biology in germ cell maintenance and differentiation 17, 19 . Lastly, the Ras lines are unique because these are cell lines derived from embryos ectopically expressing the Ras oncogene. They have the transcriptional signature of muscle precursor cells and expresses active piRNA machinery 20 . Recent review articles and book chapters cover the applications of these popular cell lines with more details 2, 3, 9 .
All these cell lines can be subcultured and frozen. There are slight but important different requirements for how each cell line is maintained and prepared for cryopreservation. For example, distinct cell lines require different media and supplements ( Table 1) . The lines also vary in surface adherence properties, morphologies (Figure 1 and Figure 2 ), genotype and doubling time ( Table 2) . We present basic protocols and highlight the unique differences for handling the various widely used Drosophila cell lines.
Representative Results
It is important to thaw frozen Drosophila cells rapidly and culture them at a cell density that brings the culture back into the growth phase. If the procedures for cryopreservation and thawing are adhered to, the cell density in the T-25 flask will at least equal 4 x 10 6 cells/mL. One to two hours after thawing, most Drosophila cell lines will begin to attach to the growing surface. Under the circumstance in which most of the cells have not attached on the growing surface within two hours after thawing, it is recommended to incubate the cells overnight before changing the media.
The goal of subculturing is to maintain cells in the healthy exponential log-phase of the growth curve. The criteria for subculturing depend on the visible lack of microorganismal contamination, cell density, and the need to establish a regular maintenance schedule. It is important to first assess the health of the cells and determine the absence of adventitious contaminants prior to freezing. Most bacterial and fungal contaminants are easy to detect simply by visual inspections. Contaminated cultures can be identified by an increase in media turbidity. Under the microscope, contaminants may appear as bacterial rods, cocci, budding yeast cells or string-like fungal hyphae. Other sources of contamination such as the non-cytopathic mycoplasma cannot be visually detected and can be routinely tested by PCR-based assays 21 .
The confluence of a cell line can be determined visually (Figure 1 ). Fast growing cell lines reach confluence early and need to be passaged regularly. Such lines are subcultured up to twice a week. In contrast, slow growing cells are passaged at least once every two weeks or longer. However, the cells need to be fed fresh media every week. This is to prevent media exhaustion and to dilute metabolic waste products from the cells. Cell lines derived from varying tissue sources differ in their morphology (Figure 2 ), adherence properties, media requirements ( Table 1) and doubling time ( Table 2 ). Table 5, Table 6 , Table 7 , and Table 8 list the recipes for the various Drosophila cell culture media.
Cell counting ensures an accurate seeding density and a predictable routine for subculturing. For quantitative experiments, cell counting is essential. Cells are counted either by using a hemocytometer ( Figure 3A ) or an automated particle counter ( Figure 3B ). If using an automated counter, follow the manufacturer's instructions. Counting cells manually using a hemocytometer is economical and easy. The number of cells enclosed in the middle Neubauer grids are counted and the cell density is calculated; For example, n = 214 cells, resulting in a cell density of 2.14 x 10 6 cells/mL ( Figure 3D ). Sterile filtered DMSO* 10 mL Table 4 : Recipe for preparing 100 mL of freezing medium (M3 + BPYE, 20% FCS, 10% DMSO). Prepare freezing media as needed and avoid storing freezing media containing DMSO for prolonged period.
M3 + BPYE medium Amount
Shields and Sang's M3 Some cell lines, such as the ML-BG2-c2 and Ras lines need several days to recover from the effects of being revived from the cryopreserved state. A significant amount of cellular debris accompanies these cell lines the first few days after thawing. Left undisturbed, the cells will recover and proliferate. Many Drosophila cell lines at the DGRC have been adapted to grow in M3 based media 22 . For cell lines that are slow to recover from the effects of thawing, the use of conditioned media may be useful. Conditioned media likely contain growth factors secreted by the cells into the media which may encourage the recovery and proliferation of the cells after thawing.
Cell lines generally follow a stereotypical growth curve consisting of a lag phase, exponential phase, plateau phase and a deterioration phase. Many Drosophila cell lines proliferate in the log-phase of growth when they are cultured at a density between 1 x 10 6 and 1 x 10 7 cells/mL at 25°C
. It is essential that cell lines are passaged such that they are always in the exponential growth phase.
The confluence of a culture, expressed as a percentage, describes the growth surface area that is covered by cells. Cell confluence for a cell line depends on its cell shape and size. Distinct cell lines have different morphologies and adherence properties. As a result, different cell lines at approximately similar confluence may have vastly distinct cell density (Figure 1) . Culture confluence may not be an ideal indicator for passaging Drosophila cell cultures because Drosophila cell lines continue to proliferate either by piling on top of one another as foci or in suspension even after the growth surface has been covered (Figure 1) . However, users experienced with specific cell lines may often use confluence as a rapid visual guide for when to subculture.
While it is possible to grow Drosophila lines at ambient RT between 19−25 °C, it is not recommended because ambient temperature fluctuations may affect the proliferation rate. The use of a dedicated 25 °C incubator is recommended. The incubator for Drosophila cell cultures does not need to facilitate CO 2 gas exchange because Drosophila cell culture media do not use CO 2 for buffering. The humidity inside the incubator for culturing cell lines is an important factor not to be overlooked when culturing cells in plates. Depending on the type on incubator and the working environment, it may be necessary to place a beaker of sterile water inside the incubator. To minimize media evaporation, use closed T-flask or store culture plates in a tightly sealed plastic container while inside the incubator.
It is important to develop a schedule for subculturing Drosophila cell lines. To estimate the growth rate and monitor consistency, it is convenient to subculture at an even geometric ratio (split ratio 1:2, 1:4, 1:8). For example, a 10 mL confluent plate of Kc167 cells at 8 x 10 6 cells/mL can be split at 1:8 ratio to achieve a seeding density of 1 x 10 6 cells/mL (1.25 mL of cell suspension diluted into 8.75 mL of fresh media). In 72 h, Kc167 cultures are expected to proliferate to a density of 8 x 10 6 cells/mL, given its doubling time of 24 h. The split ratio therefore is determined to facilitate a convenient subculture routine of up to twice a week, ensuring that the cells are always cultured in their exponential log phase of growth. This allows for a regular schedule for subculturing the cells so that the time to confluence is neither too short nor too long. If the time to confluence is too short, the cells are subcultured at a lower cell density (higher split ratio). Similarly, if the time to reach confluence is too long, the cells are subcultured at a higher cell density (lower split ratio). It is important to note that most Drosophila cell lines are very sensitive to low cell densities (<1 x 10 5 cells/mL), in which cells hardly proliferate and may eventually die.
Drosophila cell lines vary in growth characteristics and morphology. As a result, cell lines with distinct properties may have to be handled differently. Most Drosophila cell lines are semi-adherent. At lower cell density, they adhere stronger to the growth surface and as the culture becomes confluent, the cells become less adherent and easily detach. This gradual change in cell adherence facilitates easy subculturing of most widely used Drosophila cell lines (Schneider, Kc lines, imaginal disc and CNS lines) as it allows the operator to simply dispense media over the cell monolayer to dislodge them from the growth surface when the culture is dense. For lines that are surface adherent such as the
The cryopreservation of Drosophila cell lines saves time and reagents for the maintenance of cell lines not in immediate use. Cryopreservation is achieved by slowly freezing the cells (-1 °C/min) to -80 °C in a medium containing DMSO, a cryoprotective agent. The slow cooling step is critical for successful cryopreservation. In a -80 °C freezer, the ampule of cells is cooled at a rate of -1 °C/min when placed in a freezing container filled with isopropanol. Starting at 25 °C ambient temperature, it will take up to 2 h for the temperature in the ampules to reach -80 °C. It is recommended to leave the ampules to freeze overnight.
Frozen ampules must then be rapidly transferred into the liquid phase of nitrogen for prolonged storage. At ambient temperature, the cryovial will reheat rapidly at approximately 10 °C/min and the viability will be compromised at above -50 °C 23 . To keep the transfer rapid, handle ampules in small batches to minimize the exposure to ambient temperature. Alternatively, place the frozen cryovials on dry ice while preparing for their transfer into liquid N 2. If liquid nitrogen is not available, the cells may be stored in a -80 °C freezer, although with a risk of significant deterioration over time.
Cell density is critical for successful cryopreservation and the subsequent revival of cell lines. In general, new cell lines should be frozen to create the initial freeze (1−3 ampules) as soon as an excess of cells becomes available. Once the cell line has been further cultured stably, a frozen stock of 10−20 ampules should be created. This stock is then thawed to check for its post-freeze cell recovery and viability, after which it is propagated for experimentations or to replace the stock when the number of frozen stock ampules falls below five. Finally, it is important to validate that the thawed cells retain the characteristics of its parental stock as cell lines are known to evolve 3, 24 .
In conclusion, this article presents a primer for working with Drosophila cell cultures by providing the fundamental information on the various lines, best practices, and audiovisual protocols for the basic handling of Drosophila cell lines. This accessible resource is meant to smoothly ease the introduction to working with cultured Drosophila cells and to complement existing training guides at any research laboratory.
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